Purpose: To determine the concentrations of different gas tamponades in air to achieve 100% fill of the vitreous cavity postoperatively and to examine the influence of eye volume on these concentrations.
Purpose: To determine the concentrations of different gas tamponades in air to achieve 100% fill of the vitreous cavity postoperatively and to examine the influence of eye volume on these concentrations.
Methods: A mathematical model of the mass transfer dynamics of tamponade and blood gases (O 2 , N 2 , and CO 2 ) when injected into the eye was used. Mass transfer surface areas were calculated from published anatomical data. The model has been calibrated from published volumetric decay and composition results for three gases sulphahexafluoride (SF 6 ), hexafluoroethane (C 2 F 6 ), or perfluoropropane (C 3 F 8 ). The concentrations of these gases (in air) required to achieve 100% fill of the vitreous cavity postoperatively without an intraocular pressure rise were determined. The concentrations were calculated for three volumes of the vitreous cavity to test whether ocular size influenced the results.
Results: A table of gas concentrations was produced. In a simulation of pars plana vitrectomy operations in which an 80% to 85% fill of the vitreous cavity with gas was achieved at surgery, the concentrations of the 3 gases in air to achieve 100% fill postoperatively were 10% to 13% for C 3 F 8, 12% to 15% for C 2 F 6 , and 19% to 25% for SF 6 . These were similar to the so-called "nonexpansive" concentrations used in the clinical setting. The calculations were repeated for three different sizes of eye. Aiming for an 80% fill at surgery and 100% postoperatively, an eye with a 4-mL vitreous cavity required 24% SF 6 , 15% C 2 F 6 , or 13% C 3 F 8 ; 7.2 mL required 25% SF 6 , 15% C 2 F 6 , or 13% C 3 F 8 ; and 10 mL required 25% SF 6 , 16% C 2 F 6 , or 13% C 3 F 8 . When using 100% gas (e.g., used in pneumatic retinopexy), to achieve 100% fill postoperatively, the minimum vitreous cavity fill at surgery was 43% for SF 6 , 29% for C 2 F 6 , and 25% for C 3 F 8 and was only minimally changed by variation in the size of the eye.
Conclusion: A table has been produced, which could be used for surgical innovation in gas usage in the vitreous cavity. It provides concentrations for different percentage fills, which will achieve a moment postoperatively with a full fill of the cavity without a pressure rise. Variation in axial length and size of the eye does not seem to alter the values in the table significantly. Those using pneumatic retinopexy need to increase the volume of gas injected with increased size of the eye to match the percentage fill of the vitreous cavity recommended for a given tamponade agent.
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V itrectomy is the second commonest ophthalmic operation in the United States. 1 Fifty-five percent of vitrectomies involve the insertion of a gas bubble as a surgical tamponade for the retina. 2 Our knowledge of the usage of the gases for this common operation relies on the experimental data from rabbit models from 30 years ago. [3] [4] [5] In these procedures, the gases in therapeutic use (sulphahexafluoride [SF 6 ], hexafluoroethane [C 2 F 6 ], or perfluoropropane [C 3 F 8 ]) may be mixed with air in vitrectomy or used as 100% gas in pneumatic retinopexy. 6 In vitrectomy, the so-called "nonexpansive gas mixtures" are used. Postoperatively, the gas bubble at first expands to equalize the partial pressures of nitrogen, oxygen, and carbon dioxide with the blood gas partial pressures. After reaching a maximum volume, the gases are slowly reabsorbed by the body over 2.5 weeks to 9 weeks. 7 The retina is reattached by surface tension forces resulting from the presence of the gas bubble. 8 The gases are reabsorbed by partial pressure driving forces into the blood. 9, 10 In 2002, Hutter et al developed a mathematical model of the mass transfer, pressure, and fluid flow dynamics of tamponade gases injected into the eye. 10, 11 This model has been improved by accounting for geometric differences between the rabbit and human eye, correcting the partial pressure driving forces, and improving the numerical solution methods. These changes have given a more accurate assessment of the multicomponent mass transfer and hydrodynamics in the eye. The model has been successfully used to predict some available human data of half-lives and intraocular pressure (IOP).
During surgery, the gas is inserted with the aim in most circumstances of achieving a 100% fill of the vitreous cavity, so that the retina is fully supported. However, the bubble expands and contracts over time and 100% fill is only momentarily achieved. Any further increase in molecules of gas entering the bubble at this time point will create an IOP rise. In this study, we have calculated the gas concentrations in air required to achieve momentary period, a 100% fill of the vitreous cavity postoperatively for different volumetric fills of the vitreous cavity without further influx of gas molecules causing an IOP elevation. The table was recalculated for eyes of different sizes to determine any differences in the results.
Methods
The gas model was adapted and refined from the model of Hutter et al. 10, 11 Certain assumptions were made such as the eye is a sphere divided into two regions by a plane separating the gas and liquid compartments. The geometry of the vitreous cavity was adjusted to take into account the posterior indentation of the lens into the vitreous cavity (especially important for the fitting that was performed of the model to the rabbit data of Lincoff where there is a very large lens). It was assumed that the gas exchange between bubble and blood occurs across the surface area of the retina in contact with the bubble.
The mathematical model is essentially composed of five equations. The first four describe the mass transfer of the tamponade gas, oxygen, nitrogen, and carbon dioxide across the retina driven by the difference in the gas partial pressures in the gas bubble and the blood, and depends on the permeability of the membrane to the gases (permeability is significantly different for the different tamponade gases). The final equation was the fluid balance for the eye. The change in the volume of the liquid in the eye = aqueous inflow 2 aqueous outflow, where the aqueous inflow is constant and the aqueous outflow is dependent on the pressure difference between the inside and outside of the eye. This allows for the computation of the volume of the gas bubble and the subsequent surface area available for mass transfer between the blood and bubble. The details of the model and its underlying equations are provided in Appendix.
The model allows for the examination of certain inputs such as percentage gas fill, percentage gas concentration, axial length, aqueous outflow facility, and aqueous inflow. The effects of these inputs on duration of gas bubble, maximal expansion of the gas bubble, and IOP over time can be examined. The concentrations of gas in air required to achieve 100% fill of the vitreous cavity at some time point without IOP rise were calculated. The concentrations were calculated for 3 volumes of the vitreous cavity from 4 mL to 10 mL, which matched the range of values for the vitreous cavity detected by MRI scanning by Nagra et al. 12 
Results
A table of different gas concentrations (Table 1) was produced, which provided values for achieving maximal fill of the vitreous cavity, and which were found to be similar to the "nonexpansive" concentrations used in the clinical setting. In a simulation of a pars plana vitrectomy operations in which an 80% to 85% fill of the cavity with gas is achieved, the concentrations of the 3 gases in air that were required would be 10% to 13% for C 3 F 8 , 12% to 15% for C 2 F 6 , and 19% to 25% for SF 6 , which are similar to the concentrations in clinical use.
The calculations were repeated for three different sizes of eye. The percentage fills of the vitreous cavity by the bubble at surgery to achieve 100% fill of the vitreous cavity in the postoperative period are shown in Figure 1 for all 3 tamponade gases considered and 3 different eye sizes. Aiming for an 80% fill at surgery and 100% postoperatively, an eye with a 4-mL vitreous cavity required 24% SF 6 , 15% C 2 F 6 , or 13% C 3 F 8 ; 7.2 mL required 25% SF 6 , 15% C 2 F 6 , or 13% C 3 F 8 ; and 10 mL required 25% SF 6 , 16% C 2 F 6 , or 13% C 3 F 8 . When using 100% gas (e.g., used in pneumatic retinopexy), to achieve 100% fill postoperatively, the minimum vitreous cavity fill at surgery was 43% for SF 6 , 29% for C 2 F 6 , and 25% for C 3 F 8 and was only minimally changed by variation in the size of the eye. Table 1 . The percentage of gas in air a surgeon would have to use to achieve 100% fill of the vitreous cavity in the postoperative period for an eye with a 7.2-mL vitreous cavity. The values in gray font do not achieve 100% fill of volume and the bubble expansion is not adequate to fill the volumes in this case. The values in brackets indicate the percentage fill achieved in the postoperative period when a full fill is not possible. The values vary depending on the percentage fill of the vitreous cavity by the bubble at surgery. Volumes smaller than 43% for SF 6 , 29% for C 2 F 6 , and 25% for C 3 F 8 do not achieve a full fill in the postoperative period. The values in bold correspond to the values likely to be used currently in vitrectomy surgery.
Discussion
Our understanding of the properties of gas bubbles relies primarily on experiments in animals from decades ago. There is minimal data on the dynamics of gas bubbles in humans with one study by Jacobs 1988. 13 As reported in the literature for C 3 F 8 , and SF 6 , the half-lives of gases change depending on the amount of tamponade gas mixed in the injection with air. [13] [14] [15] In the modern era, methods of use of gas depend more on surgeons' clinical experience than on scientific investigation. As a result, a large variety of gas concentrations are used in clinical practice. Surgeon's opinions on the dynamics of gas expansion and absorption in the eye also vary considerably.
A clear understanding of the properties of gas in the eye is, however, essential for its safe use. Errors can occur, which lead to severe irreversible sight loss. 16 The use of incorrect gas concentrations can lead to catastrophic IOP elevations, which can blind the eye. Therefore, an accurate calculation of the gas concentrations in surgery is critical. The authors have developed a mathematical model to allow for investigation of the dynamics of gas bubbles in the The percentage of gas in air a surgeon would have to use to achieve 100% fill the vitreous cavity in the postoperative period for an eye with a 7.2 ml vitreous cavity. The values in grey font do not achieve 100% fill of volume, the bubble expansion is not adequate to fill the volumes in this case. The values in brackets indicate the percentage fill achieved in the postoperative period when a full fill is not possible. The values vary depending on the percentage fill of the vitreous cavity by the bubble at surgery. Volumes smaller than 43% for SF6, 29% for C2F6 and 25% for C3F8 do not achieve a full fill in the postoperative period. The values in bold correspond with the values likely to be used currently in vitrectomy surgery. Fig. 1 . The percentage fills of the vitreous cavity by the bubble at surgery to achieve 100% fill of the vitreous cavity in the postoperative period are shown for eyes with vitreous cavity volumes of 4 mL, 7.2 mL, and 10 mL. The values are provided for different percentages of tamponade gas in air (x axis).
eye by refining and improving on a mathematical model of gas dynamics described by Hutter et al. 10 This model incorporates the physical properties of gas, fluid dynamics, and the geometry of the eye to predict the expansion and absorption of gas in the vitreous cavity. It provides investigators with an opportunity to adjust variables such as the size of the eye, the percentage fill of the vitreous cavity, and percentage concentrations of various tamponade gases in air. The dynamics of the gas bubble can then be examined over time.
Gas bubbles with SF 6 , C 2 F 6 , or C 3 F 8 go through an expansive phase and then a phase of shrinkage as the bubble absorbs. The use of the description of "nonexpansive" gas concentrations is a misnomer because all gas bubbles would be expected to expand (apart from very low percentage fills such as 2%-3%). With the expansion and contraction over time, there is a moment at which the bubble is maximal. The analysis in this study has produced a table of the theoretically correct concentrations of tamponade gas in air for different fills of the vitreous cavity at surgery that would allow for 100% fill of the vitreous cavity postoperatively. This would allow, theoretically, for a maximal fill with no increase in IOP.
The table demonstrated that for percentage fills of the vitreous cavity of 80% to 85%, there were values for the 3 gases, which were close to those used in clinical practice in vitrectomy surgery. Surgeons recognize that a complete fill of 100% of the vitreous cavity is not achievable during pars plana vitrectomy and that there is always a liquid layer present at the end of surgery and residual vitreous anteriorly at the vitreous base. Therefore, these calculations based on 80% to 85% fill would seem to correlate with clinical practice.
In addition, the table provides a minimum percentage fill that would be required if 100% gas is used (as in pneumatic retinopexy) and a large 100% gas bubble was desired by the surgeon postoperatively. Of course, in pneumatic retinopexy, a 100% fill may be undesirable because of compression of the vitreous, which has not been removed. A surgeon could use the values to innovate with gas bubbles; for example, if the surgeon decided to use a 50% fill of the vitreous cavity, for some strategic reason at the end of surgery, but still wanted a full fill in the postoperative period, gas concentrations of 37% C 3 F 8 , 45% C 2 F 6 , and 75% SF 6 are recommended by the model. Such an underfill in the early postoperative period might be desirable in retinal detachment surgery to avoid macular retinal folds. 17 In this study, the effect of changing the size of the eye was assessed. Three sizes of eye from hypermetropic to myopic sizes were tested and were chosen to represent the normal range as described by Nagra et al, 12 who provides a conversion system of axial length to vitreous cavity volume. The values obtained for gas concentrations were essentially unchanged. Therefore, in vitrectomy surgery, the table is likely to be consistent for all sizes of eye in clinical practice. Similarly, for 100% fill as used in pneumatic retinopexy, the values did not change. The values represent a percentage fill of the vitreous cavity; therefore, theoretically, a large myopic eye of 10 mL of vitreous cavity would need 2.5 mL of C 3 F 8 to achieve a full fill postoperatively after pneumatic retinopexy. An eye with 7.2-mL volume of vitreous cavity would require 1.8-mL and 4-mL vitreous cavity 1 mL. Compensating for large injections of gas in myopic eyes by paracentesis of the anterior chamber will be difficult because the anterior chamber volume does not increase significantly in myopic eyes. 12 The aqueous fluid balance equation can be used to explore the influences of changes in inflow and outflow of aqueous. Such changes are likely to alter the measurements achieved in this study in which normal values of inflow and outflow have been assumed. The investigation of the effects of medications and conditions such as glaucoma on the dynamics of the gas bubble is complex and will be addressed in a future publication.
The model offers insights into the clinical usefulness of these different tamponade gases and their dynamics. The factors that affect the size and persistence of gas bubbles used in practice are quantified in this model. A table has been produced, which could be used for surgical innovation in gas usage in the vitreous cavity. It provides concentrations for different percentage fills of the vitreous cavity, which will achieve a moment postoperatively with a full fill of the cavity with gas without a pressure rise. Variation in the volume of the vitreous cavity of the eye does not seem to alter the values in the table significantly. Those using pneumatic retinopexy need to increase the volume of gas injected with increased size of the eye to match the percentage fill of the vitreous cavity recommended for a given tamponade agent. These theoretical predictions should be verified in a clinical study before use in humans.
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The eye is represented as a sphere partially filled with liquid and a mixture of air and tamponade gas. Because of the gas exchanges taking place across the surface of the retina, the volume of the gas bubble V and the surface area a of the spherical cap in contact with the bubble will change as a function of time t. The multicomponent transfer of the air gases (O 2 , N 2 , and CO 2 ) and the tamponade gas (denoted by X) is described by the following equations:
where R is the universal gas constant, T is the temperature, and N j , P * j , and k j denote respectively, the number of moles, the partial pressure, and the mass transfer coefficient of component gas j in the bubble with j = O 2 , N 2 , CO 2 , X.
Further, the evolution of the volume V of the gas bubble is constrained by the fluid balance equation.
which relates changes in the volume gas to the inflow and outflow of liquid under the assumption that total volume of the eye remains constant. In this equation, the term Q in denotes the influx of aqueous humor because of active secretion and ultrafiltration, which is assumed to be constant. The other term represents the outflow facility of the eye through the trabecular and uveoscleral pathways, which is expressed as the product of the permeability K p and the difference between the IOP and the episcleral venous pressure P eps . The IOP is computed by summing the partial pressures of the constituent gases expressed using the ideal gas law and the molar quantities N j in the case of O 2 , N 2 , CO 2 and the tamponade gas or assumed to be a constant P wv in the case of water vapor.
The five equations together with the injected volume of tamponade gas mixture V½t ¼ 0 and its initial composition N j ½t ¼ 0 for j = O 2 , N 2 , CO 2 , X define a system of partial differential equations with initial conditions that can be solved numerically using MAT-LAB. The reader is referred to the original article by Hall et al 11 for a more detailed description of the model and its implementation. 
